The role of a water molecule (water A) located between the primary electron donor (P) and first electron acceptor bacteriochlorophyll (B A ) in the purple bacterial reaction center was investigated by mutation of glycine M203 to leucine (GM203L). The x-ray crystal structure of the GM203L reaction center shows that the new leucine residue packs in such a way that water A is sterically excluded from the complex, but the structure of the protein-cofactor system around the mutation site is largely undisturbed. The results of absorbance and resonance Raman spectroscopy were consistent with either the removal of a hydrogen bond interaction between water A and the keto carbonyl group of B A or a change in the local electrostatic environment of this carbonyl group. Similarities in the spectroscopic properties and x-ray crystal structures of reaction centers with leucine and aspartic acid mutations at the M203 position suggested that the effects of a glycine to aspartic acid substitution at the M203 position can also be explained by steric exclusion of water A. In the GM203L mutant, loss of water A was accompanied by an ϳ8-fold slowing of the rate of decay of the primary donor excited state, indicating that the presence of water A is important for optimization of the rate of primary electron transfer. Possible functions of this water molecule are discussed, including a switching role in which the redox potential of the B A acceptor is rapidly modulated in response to oxidation of the primary electron donor.
The role of a water molecule (water A) located between the primary electron donor (P) and first electron acceptor bacteriochlorophyll (B A ) in the purple bacterial reaction center was investigated by mutation of glycine M203 to leucine (GM203L). The x-ray crystal structure of the GM203L reaction center shows that the new leucine residue packs in such a way that water A is sterically excluded from the complex, but the structure of the protein-cofactor system around the mutation site is largely undisturbed. The results of absorbance and resonance Raman spectroscopy were consistent with either the removal of a hydrogen bond interaction between water A and the keto carbonyl group of B A or a change in the local electrostatic environment of this carbonyl group. Similarities in the spectroscopic properties and x-ray crystal structures of reaction centers with leucine and aspartic acid mutations at the M203 position suggested that the effects of a glycine to aspartic acid substitution at the M203 position can also be explained by steric exclusion of water A. In the GM203L mutant, loss of water A was accompanied by an ϳ8-fold slowing of the rate of decay of the primary donor excited state, indicating that the presence of water A is important for optimization of the rate of primary electron transfer. Possible functions of this water molecule are discussed, including a switching role in which the redox potential of the B A acceptor is rapidly modulated in response to oxidation of the primary electron donor.
Reaction centers are integral membrane protein complexes that transduce the energy of sunlight into a biologically useful form. In the purple photosynthetic bacterium Rhodobacter sphaeroides the reaction center consists of three polypeptides, termed H, L, and M, that encase 10 cofactors. These are four bacteriochlorophylls (BChl), 1 two bacteriopheophytins (BPhe), two ubiquinones, a single photoprotective carotenoid, and a non-heme iron atom (Fig. 1A) . The BChl, BPhe, and ubiquinone cofactors are arranged around an axis of pseudo 2-fold symmetry in two membrane-spanning branches (1) (2) (3) (4) . The complex also contains a large number of bound water molecules, some of which play functional roles, for example during the reduction and protonation of the Q B ubiquinone (5, 6) .
Light excitation of the reaction center triggers electron transfer across the membrane from a pair of excitonically coupled BChl molecules (P) to the Q A ubiquinone (Fig. 1A , arrows) (see Refs. 5-11 for reviews). In the first step, an electron is passed from the lower energy singlet excited state of P (denoted P*) to the adjacent A-branch monomeric BChl (B A ), forming the P ϩ B A Ϫ radical pair with a time constant of 3-5 ps at room temperature. The electron is then passed to the A-branch BPhe (H A ), forming the P ϩ H A Ϫ radical pair with a time constant of 0.5-2 ps. The second of these reactions is more rapid than the first, with the result that the P ϩ B A Ϫ radical pair is difficult to detect as a discrete intermediate as the electron is passed from P* to H A . The electron is then transferred from H A Ϫ to Q A with a time constant of around 200 ps.
The acetyl and keto carbonyl substituent groups that are conjugated to the electron system of the BChl and BPhe cofactors provide an opportunity for the protein to exert significant effects on their biophysical properties. In the particular case of B A the acetyl carbonyl group is free from hydrogen bond interactions, whereas the keto carbonyl group is adjacent to a buried water molecule (Fig. 1B) ; this is referred to in the remainder of this report as water A. This water molecule is also adjacent to residue His M202 that provides the axial ligand to the pentacoordinated magnesium of the P B BChl (Fig. 1B) , allowing a potential through-bond connection to be traced between the P dimer and B A (Fig. 1B, dotted lines) . The validity of this through-bond link is addressed under "Discussion."
The presence of water A was first proposed by Robert and Lutz in 1988 (12) on the basis of experiments that indicated that the keto carbonyl of B A is either in a polar local environ-ment or that it is weakly hydrogen-bonded to the surrounding protein. An observed up-shift of the stretching frequency of this carbonyl group on oxidation of P further indicated that it becomes hydrogen-bonded when P is oxidized or that an existing weak hydrogen bond is strengthened (12) . As a suitable hydrogen bond donor was not evident from available x-ray crystal structures of the R. sphaeroides reaction center, which at that time did not include water molecules, Robert and Lutz (12) proposed that the hydrogen bond donor could be a water molecule. This proposal was later confirmed following publication in 1994 of a new x-ray crystal structure of the complex that included water molecules (3, 4) , and this water has been included in Ͼ80% of the structural models for wild-type or mutant reaction centers (that include waters) deposited in the Protein Data Bank (13) since that date.
Also adjacent to the keto carbonyl of B A and water A is amino acid glycine M203 (Fig. 1B) . In 1992, Williams et al. (14) introduced an aspartic acid at this position with a view to modulating the redox potential of B A through the formation of a hydrogen bond with the keto carbonyl group (mutation denoted GM203D). By analogy with well documented effects of hydrogen bonding on the redox properties of P (15, 16) , the addition of a hydrogen bond to the keto carbonyl of B A could make this cofactor easier to reduce, lowering the free energy of the P ϩ B A Ϫ state. In fact the rate of decay of the P* state was slowed in the GM203D mutant (14) , suggesting a destabilization of B A Ϫ and an increase in the free energy of P ϩ B A Ϫ state. Two proposals have been made as to the origin of this destabilization. In the first, Czarnecki et al. (17) attributed it to a negative charge on the new aspartic acid residue. These experiments were carried out using the highly homologous Rhodobacter capsulatus reaction center, where the equivalent residue is glycine M201. In the second proposal, Fyfe et al. (18) determined the x-ray crystal structure of a mutant R. sphaeroides reaction center containing the GM203D change (Protein Data Bank entry 1E14), reporting that the new aspartic acid residue displaces water A but is in a poor position to donate an alternative hydrogen bond to the keto carbonyl of B A . On the premise that this carbonyl group is hydrogen-bonded to water A in the wild-type reaction center, destabilization of B A Ϫ in the GM203D mutant was attributed to loss of a hydrogen bond because of steric exclusion of water A by the aspartic acid side chain.
In the present study, a new R. sphaeroides reaction center has been constructed in which glycine M203 is mutated to leucine (GM203L). The leucine side chain is similar in size and shape to aspartic acid but cannot carry a charge. The structure and functional properties of the GM203L reaction center reveal a strong influence of water A on the rate of primary charge separation.
MATERIALS AND METHODS

Construction of Mutant
Strains-Single GM203D and GM203L mutations were constructed using the QuikChange mutagenesis kit (Stratagene). The template was plasmid pUCXB-1, which is a derivative of pUC19, containing a 1841-bp XbaI-BamHI restriction fragment encompassing pufLM (19) . XbaI-BamHI restriction fragments containing the mutations were shuttled into expression vector pRKEH10D (20) , which is a derivative of broad-host-range vector pRK415 containing a 6.25-kb EcoRI-HindIII fragment encoding pufQLMX (i.e. lacking the pufBA genes of the LH1 antenna complex). These derivatives of plasmid pRKEH10D were introduced into R. sphaeroides deletion strain DD13 (21) by conjugative transfer, as described previously (20) . This produced transconjugant strains that had mutant reaction centers but lacked both types of light-harvesting complex.
Preparation of Intracytoplasmic Membranes and Purified Reaction Centers-Intracytoplasmic membranes for spectroscopic analysis were prepared using procedures described previously (22) from antennadeficient R. sphaeroides cells that had been grown under semiaerobic conditions in the dark. For Raman spectroscopy, reaction centers were solubilized from membrane fragments suspended in 20 mM Tris/HCl (pH 8.0) by the addition of NaCl to 100 mM followed by lauryldimethylamine oxide to 0.3% and purified by two sequential passes through a DE52 anion exchange column, as described in detail elsewhere (19) . Reaction centers for crystallization were further purified using Sepharose Q and Sephadex 200 columns (Amersham Biosciences) as described previously (19) .
Reaction Center Crystallization and Data Analysis-Trigonal crystals, space group P3 1 21, were grown by sitting drop vapor diffusion as described previously (19) . Briefly, well solutions containing 9 mg ml Ϫ1 of the GM203L reaction center, 0.09% v/v lauryldimethylamine oxide, 3.5% w/v heptane-1,2,3-triol, and 0.75 M potassium phosphate (pH 8.0) were equilibrated against a reservoir solution of 1.4 M potassium phosphate. Crystals appeared within 1-2 weeks and presented as prisms of variable size. The crystals had unit cell dimensions of a ϭ b ϭ 138.6 Å, c ϭ 185
X-ray diffraction data were collected using cryo-cooled crystals and an ADSC Quantum 4 detector (Area Detector Systems Corp., Poway, CA) on beam-line 14.1 of the Daresbury Synchrotron Radiation Source, U.K. Crystals were prepared for cryo-cooling by sequential soaking in mother liquor containing increasing concentrations of glycerol to give a final concentration of 35%. The data were processed and scaled using HKL2000 (23) . Molecular replacement was performed using AMORE (24) using the coordinates of the wild-type reaction center as the search model. Refinement was performed using restrained maximum likelihood refinement in REFMAC 5.0 (25) . The collection and refinement statistics are given in Table I , and the structure has been deposited in the Protein Data Bank under accession code 2BOZ.
Spectroscopy-Room temperature absorbance spectra were recorded using a Beckman DU640 spectrophotometer, and 77 K absorbance spectra were recorded using a PerkinElmer Lamda35 spectrophotometer and an Oxford Instruments OptistatDN liquid nitrogen cryostat. In both cases sodium ascorbate and phenazine methosulfate were added to final concentrations of 1 mM and 25 M, respectively, to ensure full reduction of the P BChls. Resonance Raman spectra were recorded at 77 K from samples of purified reaction centers as described recently (26) . Femtosecond transient absorbance difference spectra were also recorded using antenna-deficient membranes as described in detail recently (27, 28) . Excitation was at 795 nm, and spectra were fitted globally with four components using an irreversible sequential model as described previously (29) .
RESULTS
Absorbance Spectroscopy-Reaction centers with the mutations GM203D and GM203L were constructed as described under "Materials and Methods" and expressed in a background that lacks the LH1 and LH2 antenna complexes. Fig. 2 compares the Q y region of the absorbance spectra of membrane-bound wildtype, GM203D and GM203L reaction centers. Neither mutation affected the position of the H Q y band at 756 nm, which is attributed to the reaction center BPhes. However, both mutations produced a small blue-shift of the B Q y band, which is attributed principally to the monomeric BChls. This band has an absorbance maximum at 805 nm in the membrane-bound wildtype reaction center and was shifted to 802 nm in the GM203D mutant and 801 nm in the GM203L mutant. A blue-shift of this band in the GM203D reaction center is consistent with previous reports of absorbance spectra at cryogenic temperatures (14, 18, 30, 31) , suggesting an effect on B A . Also consistent with previous findings from low temperature spectroscopy (18) , the Q y band of the P BChls showed a small blue-shift, from 868 to 866 nm, in the GM203D mutant. This band was further blue-shifted to 860 nm in the GM203L mutant.
To determine whether these absorbance changes were affected by detergent solubilization, absorbance spectra were also recorded for purified reaction centers at both room temperature (not shown) and 77 K (Fig. 3 ). This also gave the opportunity to examine the Q x spectral region, which is distorted by carotenoid absorbance and membrane scatter in spectra of membrane-bound complexes. In the Q y region the 77 K spectra showed the same trends as the room temperature spectra, with small blue-shifts of the B and P Q y bands in the GM203D mutant (3 and 4 nm, respectively; Fig. 3 ) and somewhat larger shifts in the GM203L mutant (5 and 10 nm, respectively; Fig.  3 ). The shoulder on the red side of the B Q y band in the 77 K spectrum of the wild-type complex was resolved as a discrete component at 812-813 nm in the spectra of the two mutants. In the Q x region the BChls of the wild-type reaction center gave rise to an asymmetric absorbance band at 597 nm with a shoulder on the red side at ϳ605 nm. In the spectra of both mutants this band split into two components with maxima at 604 and 590 nm (for GM203D) or 588 nm (for GM203L). The result with the GM203D reaction center was consistent with previous reports on the effects of this mutation (14, 30, 32) ; the simplest interpretation of this change is that both GM203 mutations cause a blue-shift of the Q x transition of B A .
X-ray Crystallography-To compare the structural consequences of the GM203L and GM203D mutations, the x-ray crystal structure of the GM203L reaction center was determined to a resolution of 2.4 Å. Reaction centers were crystallized as described under "Materials and Methods," and diffraction data were collected from a single cryo-cooled crystal. Data collection and refinement statistics are shown in Table I . The structural model of the GM203L reaction center was compared with that of the wild-type complex determined previously (19) . This comparison showed that there was excellent structural conservation throughout the bulk of the protein-cofactor system. Significant changes in structure were confined to the immediate environment of the M203 residue.
Modeling of the GM203 side chain and the surrounding area was carried out on the basis of omit maps. The initial round of refinement was performed with residues M201 to M205 replaced with alanine, with the exception of M203, which was maintained as a glycine. The side chains of these residues were then manually inserted into the resulting difference maps. The density for the side chain of M203 was continuous with the main chain and showed strong agreement with the insertion of a leucine. There was no evidence for the presence of a water molecule at or near the position expected for water A in the structure of the wild-type reaction center. Fig. 4B shows a stereo view of the electron density corresponding to Leu M203 in the GM203L reaction center, and the fitted structural model. Fig. 4 , A and C, shows approximately the same view of this region in the structures of the wild-type and FM197R/GM203D reaction centers, determined in previous work to resolutions of 2.6 and 2.7 Å, respectively (18, 19) . In Fig. 4 (all panels), the B A BChl is shown on the left and His M202 on the right above the P B BChl. The Leu residue at the M203 position (Fig. 4B ) occupied approximately the same position as Asp M203 in the GM203D mutant reaction center ( Fig. 4C ) and, as with this Asp residue, the Leu M203 residue occupied the space that accommodates water A in the structure of the wild-type reaction center (center view in Fig. 4A ). These changes apart, the only other discernable alteration in structure was a small shift in the position of residue His M202, which had rotated away from the new Leu M203 by ϳ15-20 degrees around an axis defined approximately by the C-C bond (CG-CB) connecting carbon 4 of the imidazole ring to the beta carbon of the side chain. This rotation did not have any signif- icant effect on the length of the bond connecting the NE1 nitrogen of His M202 to the magnesium of P B . This rotation was also seen in the structure of the GM203D/FM197R reaction center (Fig. 4C ) and is considered again under "Discussion."
Two other aspects of the model of the GM203L reaction center are worth mention. First, the cardiolipin molecule reported in a number of publications (18, 33, 34 -40) was not resolved, although density corresponding to the P A phosphoryl group was observed and modeled as a phosphate ion (not shown). Factors that may affect the quality and completeness of the electron density corresponding to this cardiolipin molecule were discussed recently (41) . Second, the Q B ubiquinone was found at high occupancy in the so-called proximal binding site (not shown), with B-factors for the head group that were only very slightly higher than those of the surrounding protein.
The average B-factor for the side chains of the 10 amino acids immediately surrounding the Q B head group was 35.5, whereas the average B-factor for the quinone head group is 41.6. The quinone would be expected to show some elevation in B-factor values, as it has more conformational freedom than an amino acid bound within the polypeptide chain. The result suggests high occupancy of the Q B site in the crystallized GM203L reaction center.
Resonance Raman Spectroscopy-Resonance Raman spectroscopy was used to examine the effects of the mutations on the adjacent keto carbonyl of B A . The resonance Raman spectrum of ferricyanide-treated wild-type reaction centers at 77 K, excited at 800 nm, is shown in Fig. 5 . As discussed previously (26) , the resonance Raman spectrum of untreated or chemically reduced reaction centers is strongly distorted above 1100 cm Ϫ1 by fluorescence emission from P, but this emission band is lost when P is oxidized to P ϩ by treatment with ferricyanide. As has been described (26), the spectrum obtained with 800 nm excitation of ferricyanide-oxidized reaction centers comprises bands arising from B A . Consistent with previous reports on R26-1 reaction centers (26) (within 2 cm Ϫ1 ), the spectrum of the wild-type reaction center consisted of four main bands at 1584, 1612, 1659, and 1676 cm Ϫ1 . The last of these bands has been attributed to the keto carbonyl group of B A , hydrogenbonded to the adjacent water A. In the spectra of both mutants the 1584, 1612, and 1659 cm Ϫ1 bands were well conserved, but the 1676 cm Ϫ1 band appeared to have shifted to ϳ1700 cm Ϫ1 in the GM203D mutant and ϳ1704 cm Ϫ1 in the GM203L mutant (see arrows in Fig. 5 ). Possible origins of these up-shifts are considered under "Discussion."
Picosecond Time Scale Transient Absorbance SpectroscopyThe effects of the GM203L and GM203D single mutations on the kinetics of transmembrane electron transfer were investigated by picosecond time scale transient absorbance spectroscopy as described under "Materials and Methods." Absorbance difference spectra were obtained at varying time intervals after a 795-nm excitation pulse with a maximum delay time of 2-3 ns. Spectra recorded at several delay times are shown in Fig. 6 , A and B, for the GM203D and GM203L mutants, respectively. The 795-nm pulse mainly excited B A , with some excitation of B B , causing a bleach around 800 nm in the spectrum of the GM203D mutant at early delay times (50 fs spectrum, Fig. 6A ). Subsequent rapid excitation transfer from the monomeric BChls to the P BChl dimer caused a bleaching of the P band around 865 nm, concomitant with a loss of the bleach at 800 nm (1-ps spectrum, Fig. 6A ). Stimulated emission on the red side of the bleach of the 865 nm P band was maximal at around 0.5 ps and subsequently decayed as electron transfer took place from P* to H A (38-ps spectrum compared with 1-ps spectrum, Fig.  6A ). A similar spectral evolution was observed for the GM203L mutant, but the bleach of the P band was somewhat blueshifted, consistent with the shift of this band seen in the ground state absorbance spectrum (Fig. 2) . The spectra were similar in general terms with spectra recorded previously for membrane-bound wild-type reaction centers (42, 43) , with a bleach of the P Q y band, the appearance and decay of P* stimulated emission on the red side of this bleach, and the appearance of an electrochromic blue-shift of the B Q y band and an electrochromic red-shift of the H Q y band. The most noticeable difference between the spectra in Fig. 6 and spectra recorded previously for the wild-type complex was a decrease in the relative magnitude of the band shift feature around 800 nm compared with that of the bleach of the P Q y band. Possible reasons for this are considered under "Discussion."
A global analysis of the data was carried out using an irreversible sequential model (i. e. 1 3 2 3 3 3) . Four spectrally and temporally distinct components were needed to describe the data, and the species-associated difference spectra (SADS) of these components are shown in Fig. 7 , A-D and E-H, for the GM203D and GM203L mutants, respectively. Also shown for comparison are SADS determined for membrane-bound wildtype reaction centers (Fig. 7, I-L) . In all three cases the first component was attributed to the short-lived excited states of the accessory BChls (B*), formed by the 795 nm excitation pulse, with a lifetime of 160 -200 fs (Fig. 7, A, E, and I) . This evolved into a state with a spectrum that was characteristic of P*, which in turn had a lifetime of 20 ps in the GM203D mutant (Fig. 7B) , 42 ps in the GM203L mutant (Fig. 7F) , and 5 ps in the wild-type complex (Fig. 7J) . The latter lifetime was similar to that described previously for membrane-bound wild-type R. sphaeroides reaction centers (4.5-4.8 ps) (42, 43) .
The third state was assigned to P ϩ H A Ϫ (Fig. 7, C, G, and K) . In the GM203D mutant (Fig. 7C ) this state decayed with a lifetime of 180 ps, similar to the 200-ps lifetime obtained for the wild type complex (Fig. 7K and Refs. 42 and 43), but in the GM203L mutant (Fig. 7g) this lifetime was ϳ600 ps. The final state was assigned to P ϩ Q A Ϫ (Fig. 7, D , G, and L) and had a lifetime that was infinite on the time scale of the measurement. As expected from the time-resolved spectra, the magnitude of the differential signal due to the electrochromic blue-shift of the B Q y band was strongly suppressed in the spectra of the P ϩ H A Ϫ and P ϩ Q A Ϫ states, with the negative, red-most lobe having an amplitude that was only around 20% of that of the neighboring bleach of the P Q y band. In comparison, in SADS for the P ϩ H A Ϫ and P ϩ Q A Ϫ states in the wild-type reaction center (Fig. 7 , K and L, and Refs. 42 and 43), this negative lobe had an amplitude of 65-80% of that of the bleach of the P Q y band. To summarize, both M203 mutations brought about a slowing in the rate of decay of the P* state, the strongest effect being seen in the GM203L reaction center; this mutation also seemed to affect the rate of electron transfer from H A Ϫ to Q A . In addition, the relative magnitude of the electrochromic blueshift of the B Q y band was diminished by a factor of roughly 3-fold in both mutants.
DISCUSSION
Interactions of the B A BChl with the Protein-Cofactor-Solvent
Matrix-The widely accepted view of charge separation in the purple bacterial reaction center is that progression along each step in the reaction sequence, P* 3 P ϩ B A Ϫ 3 P ϩ H A Ϫ 3 P ϩ Q A Ϫ , is accompanied by a small drop in free energy. To achieve these drops, BPhe and quinone are used as the electron acceptors for the second and third steps, and all of the cofactors also engage in interactions with the surrounding the proteincofactor matrix that fine-tune their electrochemical potential for oxidation or reduction. The most detailed study of the mechanism(s) of this fine-tuning has been made with the primary donor, BChls, and particular attention has been drawn to the role of the conjugated keto and acetyl carbonyl groups in engaging in hydrogen bond (15, 16, 44) and/or, in the case of the acetyl groups, charge-dipole interactions with amino acids in the surrounding protein (45 (19) . B, GM203L mutant (present work). C, GM203D/FM197R reaction center (18) . In all cases the view is the same as for Fig. 1B and shows the B A and P B BChls, His M202, the M203 residue, and water A (for the wild-type complex).
FIG. 5. Resonance Raman spectra (1550 -1735 cm
؊1 ) of ferricyanide-treated purified reaction centers at 77 K, excited at 800 nm. Straight-line base lines were subtracted from the original spectra.
state involves modulation of the oxidation potential of P and the reduction potential of B A . In contrast to the P BChls, relatively little is known about the significance of the interactions that the acetyl and keto carbonyl groups of B A make with the protein environment, and there is some disagreement as to what these interactions are. The acetyl group is agreed to be free from hydrogen bond interactions, its immediate environment being made up of atoms of the neighboring H A and P B cofactors and aromatic amino acids Phe L146, Phe L97, and Tyr L128. Turning to the keto carbonyl, the majority of structural models of the wild-type R. sphaeroides reaction center determined from x-ray diffraction data during the last 10 years include a water molecule located within hydrogen bond distance (ϳ2.9 Å) of the keto carbonyl group of B A (water A). A second water molecule is similarly located close to the keto carbonyl group of B B (referred to below as water B). The same arrangement is seen in the structure of the Blastochloris viridis (formerly Rhodopseudomonas viridis) reaction center (46 -48) , and in the reaction center from Thermochromatium tepidum (49) . In R. sphaeroides, water A is within hydrogen bond distance of a number of polar groups, including the keto oxygen of B A (2.9 Å), a second water (2.9 Å), the ND nitrogen of the side chain of His M202 (2.9 Å), the backbone carbonyl oxygens of Phe M197 (3.5 Å) and Phe M196 (3.8 Å). Distances in brackets are taken from the 1QOV structure (33, 50) . Assuming that it is hydrogen bonded to the adjacent carbonyl group of B A , water A therefore allows a through-bond connection to be traced between the P dimer and B A via His M202 as illustrated in Fig. 1B .
Effects of Mutagenesis of Residue Gly M203-The data summarized in Fig. 4 demonstrate that mutation of residue M203 to either Leu or Asp causes steric exclusion of water A. This change in structure is accompanied by a strong decrease in the rate of primary charge separation (Figs. 6 and 7) . This is particularly the case for the GM203L mutant, where the 8-fold slowing in the rate of P* decay is one of the largest effects on the kinetics of primary electron transfer reported to date for a single mutation (that does not change the cofactor composition of the reaction center). The x-ray crystal structure of the GM203L complex shows that the mutation has very limited effects on the structure of the reaction center.
To understand the source of these effects it is useful to compare data obtained with the GM203L and GM203D complexes with previous observations. The ϳ3-fold slowing of the rate of P* decay reported previously for purified R. sphaeroides GM203D reaction centers (14), from 3.4 ps (in the wild-type) to 9.4 ps, is broadly consistent with the ϳ4-fold slowing reported here for membrane-bound reaction centers (from 4.8 to 20 ps). Primary electron transfer has been reported to be somewhat slower in membrane-bound reaction centers than in purified complexes (42, 51) . The decrease in the rate of primary electron transfer caused by the GM203D mutation has been attributed to an increase in the free energy of the P ϩ B A Ϫ state. In purified R. capsulatus reaction centers the equivalent Gly M201 to Asp mutation has been shown to increase the yield of B-branch electron transfer (52) , which would also be consistent with an increase in the free energy of the P ϩ B A Ϫ state. As discussed above, two alternative explanations for the effects of the GM203D mutation have been put forward, a charge-dipole interaction exerted by a charged Asp side chain that destabilizes the adjacent B A anion (17) and the removal of a water molecule that, in the wild-type complex, stabilizes the B A anion (18) . Either of these would raise the free energy of the ϩ B A Ϫ state (or lower the free energy of a B A ϩ H A Ϫ state, as has recently also been proposed for the GM203D mutation (53)). In the present study, we have shown that mutation of Gly M203 to either Asp or Leu removed water A, blue-shifted both the Q x and Q y transitions of B A , slowed the rate of P* decay, and up-shifted the stretching frequency of the keto carbonyl of B A (to ϳ1700 and 1704 cm Ϫ1 , respectively). The fact that the Asp and Leu mutations had similar effects argues against proposals that the Asp M203 residue exerts its effects through being charged (17) and provides strong support for modulation of the properties of the B A cofactor through exclusion of water A (18) . A further point worth noting is that computational studies have predicted that a negative charge near the keto carbonyl of a BChl should cause a blue-shift of the Q x absorbance and a red-shift of the Q y absorbance (32, 54, 55) in contrast to the observed effects of the GM203D mutation (Figs. 2 and 3) . Again, this argues against the Asp M203 residue being charged.
How do B A and Water A Interact in the Wild-type Reaction Center?-The x-ray crystal structure of the wild-type reaction center shows that water A is within hydrogen bond distance of the keto carbonyl of B A (3, 4) . However, at the resolutions currently available for the purple bacterial reaction center, the presence of a hydrogen bond between the two can be inferred only from the crystallographic data.
Based on data from resonance Raman spectroscopy, Robert and Lutz (12) have proposed that in neutral reaction centers, the keto carbonyl of B A could be involved in a weak hydrogen bond with water A. They noted however that the observed 1689 cm Ϫ1 stretching frequency of this group could also be explained if its local environment has a high permittivity. In a later study Czarnecki et al. (17) concluded that the 1689 cm Ϫ1 frequency of this carbonyl group is too high to be consistent with the presence of a hydrogen bond, and therefore it must be free from hydrogen bond interactions with the surrounding protein.
Key to the question of whether water A could be hydrogenbonded to the keto carbonyl of B A in neutral reaction centers is the upper limit of the stretching frequency of a keto carbonyl group that is free from hydrogen bond interactions with the surrounding protein. There is no simple answer to this question, as the frequency of this group is also affected by the local dielectric environment. For instance, the stretching frequency of the keto carbonyl of BPhe a and Ni-BPhe a (i.e. nickelsubstituted BPhe a) in different solvents has been shown to vary over a range of 12 cm Ϫ1 , with the highest values being obtained in the solvents with the lowest dielectric constant (56) . Considering photosynthetic proteins, the keto carbonyls of the P BChls in the R. sphaeroides reaction center have stretching frequencies at 1679 cm Ϫ1 (P B ) and 1691 cm Ϫ1 (P A ), but according to the x-ray crystal structure, neither group is hydrogen-bonded to the surrounding protein. The 12 cm Ϫ1 difference between these groups has been ascribed to a difference in their dielectric environments (with the keto group of P B in a region of relatively high dielectric constant (57)). In mutant LH2 antenna complexes from R. sphaeroides, the stretching frequency of the free keto carbonyl of the B800 monomeric BChls has been reported to be in the range 1689 -1702 cm Ϫ1 (58), the precise value probably depending on the dielectric properties of its environment in a particular mutant complex.
In the present report, the stretching frequency of the B A keto group was observed at 1704 cm Ϫ1 (Fig. 5) , which seems likely to correspond to the upper limit for the stretching frequency of a keto carbonyl. In (neutral) wild-type reaction centers, the observed down-shift relative to this value is 15 cm Ϫ1 , which could be consistent either with the presence of a weak hydrogen bond donated by a polar water A or with a difference in the permittivity of the protein environment of the carbonyl group due to the presence of water A. It is therefore not possible to determine whether water A exerts its influence through a hydrogen bonding or permittivity effect. In a similar vein, the effects of the GM203L and GM203D mutations on the absorbance spectrum of the reaction center are consistent both with the expected effects of removal of a hydrogen bond interaction between the keto carbonyl of B A and water A (58 -61) and with the predicted effects of changing the polarity of the environment of the BChl (55, 58, 62) Nevertheless, irrespective of the mechanism involved, it is clear that water A influences the stretching frequency of the keto carbonyl group of B A . In the oxidized reaction center, the observed 1675 cm Ϫ1 frequency provides unambiguous evidence for the presence of a hydrogen bond between water A and the keto carbonyl of B A (12, 26) . This is observed both when the reaction center is chemically oxidized to form P ϩ , as in the present work (Fig. 5) , or when it is photo-oxidized to form P ϩ Q A Ϫ . Oxidation of P is therefore either accompanied by the formation of a weak hydrogen bond (of around 1.9 kcal.mol Ϫ1 ) or by an approximate doubling in the strength of an existing bond.
In the GM203D reaction center, where water A is displaced by a polar Asp side chain, the stretching frequency of the B A keto carbonyl is at 1700 cm Ϫ1 (18) . Although, as argued above, it is unlikely that this Asp residue is charged, when neutral this residue bears a weak permanent dipole (63) . As a result the presence of an apolar Leu or a weakly polar Asp at position M203 should elicit different effects on the properties of B A , which was indeed observed. Compared with an Asp, the presence an apolar Leu induced (a) slightly larger blue-shifts of the Q x and Q y electronic transitions of B A , (b) a larger slowing of the rate of primary charge separation, and (c) a larger up-shift of the stretching frequency of the keto carbonyl group of B A . These observations suggest that changes in local permittivity play a significant role in determining the properties of the M203 mutants.
As a final point, previous discussions of the influence of water A on the kinetics of primary electron transfer have focused on the effects of this water molecule on the redox properties of B A and the free energy change for the P* 3 P ϩ B A Ϫ reaction. However, it is conceivable that the removal of water A could also slow the rate of P* decay through a change in the reorganization energy for the reaction, given that water A is a potentially mobile and polar molecule located between B A and the P BChls. We also cannot exclude the possibility that structural changes in the GM203L and GM203D mutants, such as the observed rotation of His M202 for example (Fig. 4, B and C compared with A) , could change the electronic structure of the P BChls, which might also have an effect on the characteristics of the primary charge separation reaction. It would be interesting, for example, to examine any changes in spin density distribution between the two halves of the P dimer caused by loss of water A and rotation of His M202. Changes in the midpoint potential of the P/P ϩ redox couple (E m P/P ϩ ) could also produce a slowing of the rate of primary charge separation and contribute to a difference between the Asp and Leu mutants, but preliminary measurements indicate that neither mutation had a significant effect on E m P/P ϩ , 2 which is in good agreement with previous reports on the GM203D mutation (14) .
Conservation of the Protein-Cofactor Environment of Water A-Given the very high degree of structural conservation across the reaction centers of purple bacteria, one indicator of the possible functional importance of water A as a modulator of the rate of charge separation could be the extent to which its protein environment is conserved. Examination of an alignment of 46 sequences for the PufM polypeptide (64) , shows that a Gly residue at the M203 position occurs in only six sequences, including R. sphaeroides, R. capsulatus, and B. viridis. This residue is an Ala in 19 sequences, Met in 17, Val in one, and Cys in three; thus the extremely small Gly side chain is not a conserved feature of the complex, although it happens to be found in the three most heavily studied reaction centers. In the T. tepidum reaction center, where there is also crystallographic information, this residue is a Met (numbered M202 in this bacterium) (49) . Fig. 8A shows a space-filled view of the intramembrane surface of the R. sphaeroides reaction center, with the backbone of Gly M203 highlighted in green, water A highlighted in cyan, and the keto oxygen of B A highlighted in magenta. The M203 residue and water A are located close to the intramembrane surface of the reaction center and are not buried deep in the protein interior. Fig. 8B shows an enlarged view of the region around the M203 residue. When Gly M203 is replaced by Leu (Fig. 8C) , the residue packs in such a way that the side chain points downward and inward in the view presented in Fig. 8C , and water A is displaced. Inspection of the structure shows that the Leu residue is of an appropriate size to fit into the cavity left by exclusion of water A. This is also the case for an Asp residue at the M203 position (not shown). In contrast, the x-ray crystal structure of the T. tepidum reaction center shows that a larger Met residue at this position packs in such a way that water A is retained (Fig. 8D) , with the longer Met side chain pointing downward and outward from the complex in the view presented in Fig. 8D . Water A is buried underneath the Met side chain. As a result, there does not seem to be any a priori reason to believe that water A is not a conserved structural feature because the adjacent Gly M203 is not conserved. As demonstrated by the T. tepidum reaction center (Fig. 8D) , a bulkier side chain than Gly can be accommodated without displacing water A, by pointing the side chain outwards from the complex. As to why Asp and Leu pack in the way seen in the x-ray structures of the GM203D and GM203L mutants, it may simply be that these residues are just the right size to fit into the water A pocket without leaving too much empty space.
The x-ray crystal structures of the R. sphaeroides, R. viridis, and T. tepidum reaction centers also contain a water molecule (water B) positioned within hydrogen bonding distance of the keto carbonyl of the B B BChl (i.e. on the B-branch of cofactors in a symmetrical position to water A). In the R. sphaeroides reaction center the symmetry-related residue to Gly M203 is Met L174, which adopts a conformation similar to Met M202 in T. tepidum, pointing outward from the complex. Residue Met L174 is conserved as Met in all but one of the 49 aligned sequences of the L polypeptide from purple photosynthetic bacteria, where it is a Cys (50). It therefore seems likely that water B is also a conserved structural feature of purple bacterial reaction centers, a point that will be re-examined below.
Why Water as a Hydrogen Bond Donor?-The results de- scribed above for the wild-type and GM203L reaction centers provide strong evidence that water A forms a hydrogen bond interaction with B A when P is oxidized, and the presence of this hydrogen bond is important for ensuring that primary electron transfer is rapid. Removal of this water causes a pronounced slowing of primary electron transfer. The choice of water as the hydrogen bond donor may be because the hydrogen-bonding amino acid residues are either too large to fit into the cavity adjacent to the keto carbonyl of B A , or as in the case of an Asp residue, they adopt a poor geometry for hydrogen bonding once fitted into this cavity (18) . However, another relevant factor may be the potential for water A to simultaneously hydrogen bond with the ND nitrogen of His M202, providing a direct through-bond connection between the primary donor BChls and B A . This would not be likely if Gly M203 were replaced by His for example, as modeling studies indicate that if the ND nitrogen was in suitable position to interact with the keto of B A , the NE nitrogen would not be a suitable position to interact with His M202. 3 Likewise, an amino acid side chain capable of undergoing only one hydrogen bond interaction could interact with the keto carbonyl of B A , but the putative connecting interaction with His M202 and the P BChls would be lost.
The possibility of this through-bond connection between the primary electron donor and acceptor is intriguing, and its significance remains to be explored. A recent study involving excitation of GM203L reaction centers and deuterated wildtype reaction centers with 18-fs excitation pulses at 90 K has shown that water A has a significant influence on the dynamics of P* decay and on the population of the P ϩ B A Ϫ and P ϩ H A Ϫ states that are the products of charge separation. 4 This finding underscores the importance of water A for the primary charge separation reaction. One possible interpretation of these data is that this putative through-bond connection is involved in modulating the properties of B A in response to photo-oxidation of P. Certainly it is evident from the present study that the electrochromic band-shift of the accessory BChls is strongly attenuated when water A is removed, and the ϳ12 cm Ϫ1 downshift of the stretching frequency of the keto carbonyl of B A is lost. These observations point to a desensitization of B A to the change in the redox state of P following photoexcitation, and a possible role for water A in dynamically stabilizing B A Ϫ in response to oxidation of P. Such a stabilization would switch the protein-cofactor system into a state that favors fast charge separation. In the GM203L mutant, where water A is absent, the system is locked into a state where charge separation is relatively slow. It would be interesting to see if modulation of the properties of B A by water A would be preserved if the connection between water A and the M202 residue were to be severed by mutation of the latter to a residue that can donate a ligand to the P B BChl but not simultaneously donate a hydrogen bond to water A.
Finally, it is relevant to ask why a symmetry-related water molecule is found adjacent to the keto carbonyl of the B B BChl. As discussed above, it is likely that water B is also a conserved feature of the purple bacterial reaction center, adding to the structural symmetry of a protein-cofactor system that nevertheless shows a very strong functional asymmetry; this arrangement is rather curious given the supposed exclusive use of the A-branch for transmembrane electron transfer. A much discussed idea is that the free energy of the potential P ϩ B B Ϫ radical pair state is higher that that of the P ϩ B A Ϫ state, and this energetic inequivalence ensures that almost all transmembrane electron transfer occurs along the A-branch. The structural factors that dictate this energetic inequivalence are not fully understood, but it would seem logical that a simple way to make P ϩ B B Ϫ higher in energy than P ϩ B A Ϫ would be to replace water B with a hydrophobic side chain, removing the possibility of hydrogen bond or charge-dipole interactions that could stabilize B B Ϫ . However, this does not appear to have happened during the evolution of the purple bacterial reaction center. The GM203L mutation described in this report points toward how the structural and functional effects of removing water B could be examined, by replacing Met L174 (the symmetryrelated residue to Gly M203) with Leu, and experiments to this end are under way.
